Introduction
A series of inflammatory responses occur subsequent to myocardial infarction (MI), which is the precondition of myocardial repair and myocardial scarring (1, 2) . However, excessive and persistent inflammation produces an adverse effect on the myocardium, which leads to myocardial fibrosis of the infarction area and later in the non-infarction area. An early study has found that application of reduced the degree of MI glucocorticoids in dogs due to their anti-inflammatory action, which proves that inflammation has a critical role in MI (3) . Subsequent studies have found that macrophages, T lymphocytes, tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and IL-6 all have important roles in the area of MI and the deterioration of cardiac function after MI (4) (5) (6) . Proinflammatory factors, including TNF-α, IL-1β and IL-6, are not continuously expressed in normal myocardial tissue, and the production or up-regulated expression of these factors represents an internal resistance to myocardial injury (1). Ono et al (7) found that 20 weeks after MI, the levels of TNF-α, IL-1β and IL-6 in rat hearts were significantly higher than those in the control group, and that the increased levels of gene expression were positively correlated with the degree of the deterioration of cardiac function and collagen deposition. Furthermore, Matsumoto-Ida et al (8) found that TGF-β1 expression was enhanced in rats after MI, which induced cardiomyocyte hypertrophy and collagen deposition and stimulated fibroblasts to produce extracellular matrix and promote myocardial fibrosis. These results suggested that the inflammatory response after MI has an important role in myocardial fibrosis. Therefore, the identification of potential drugs with the ability to inhibit inflammation and myocardial fibrosis to improve cardiac remodeling and function subsequent to MI has an important clinical value.
It has been reported that hesperetin, a flavanone glycoside found in citrus fruit peels, inhibits cardiac remodeling induced by pressure overload in mice (9) . Previous studies have demonstrated that hesperetin has significant anti-inflammatory, anti-oxidant, anti-apoptotic and anti-tumor effects (10) (11) (12) . However, it has remained elusive whether and how hesperetin has a role in the inflammatory response post-MI, particularly following cardiac fibrosis. Therefore, the present study utilized Hesperetin protects against inflammatory response and cardiac fibrosis in postmyocardial infarction mice by inhibiting nuclear factor κB signaling pathway a mouse model to induce MI in an attempt to clarify whether hesperetin has protective effects against cardiac fibrosis post-MI via inhibiting the inflammatory response and to identify the possible mechanisms underlying these effects. (9) , freshly prepared 0.5% carboxymethylcellulose suspension (vehicle) was administered at a constant volume of 1 ml/100 g body weight by oral gavage once a day. The control group was given the same volume of liquid comprising of only 0.5% carboxymethylcellulose suspension. The mice received 30 mg/kg/day of hesperetin or vehicle for 8 weeks.
Materials and methods

Materials
Assessment of cardiac function. After 8 weeks, cardiac function was evaluated by assessing left ventricular ejection fraction (LVEF) and left ventricular fractional shortening (LVFS) by using an echocardiograph. In addition, the mRNA levels of biomarkers of cardiac function, namely atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP), were detected.
ELISA. TNF-α, IL-1β and IL-6 levels in the serum of mice were measured using the respective kits according to the manufacturer's instructions. In brief, the samples were added to the wells of the ELISA plates, which were pre-oated with polyclonal antibodies. Subsequent to incubation at room temperature, the plates were washed. TNF-α, IL-1β and IL-6 conjugates were then added to each well. The plates were incubated at room temperature and then washed again, and substrate solution was added to each well. The plates were then incubated at room temperature in the dark for color development. After 30 min, stop solution was added to each well and the absorbance was measured at 450 nm using a microplate reader. The concentrations of TNF-α, IL-1β and IL-6 in each sample were determined by interpolation from the standard curve.
Histological analysis. Picrosirius red (PSR) staining for collagen deposition was performed as described previously (13) (14) (15) (16) . In brief, hearts were fixed in 10% formalin after being excised from anesthetized mice. The hearts were then dehydrated and embedded in paraffin using standard histological procedures. Subsequently, these hearts were transversely or longitudinally sectioned at 5-µm thickness. The slices were stained with PSR (Hede Biotechnology Co., Ltd., Beijing, China) for histological analysis.
Reverse-transcription quantitative polymerase chain reaction (RT-qPCR).
To determine the mRNA levels of ANP, BNP, TNF-α, IL-1β, IL-6 and connective tissue growth factor (CTGF) as well as collagen I and III, RT-qPCR analysis was used. In brief, total mRNA was extracted from myocardial tissue using TRIzol, chloroform, isopropanol and 75% diethyl pyrocarbonate-treated ethanol. Synthesis of complementary (c)DNA was performed by using oligo (dT) primers with the Transcriptor First Strand cDNA Synthesis kit (Roche Diagnostics GmbH, Penzberg, Germany). The composition of the PCR mixture was as follows: ddH 2 O, PCR Master Mix (Thermo Fisher Scientific, Inc., Waltham, MA, USA), primers (Sangon Biotech (Shanghai) Co., Ltd., Shanghai, Beijing), reference dye (Roche Diagnostics GmbH, Penzberg, Germany) and (c)DNA. PCR reaction was performed in three stages: 95˚C for 10 min; a 40-cycle reaction of 95˚C for 15 sec, and 60˚C for 30 sec; 95˚C for 15 sec and 60˚C for 1 min. The expression of selected genes was determined by using SYBR green and normalized against the gene expression of GAPDH, and the 2 -∆∆Cq method was used for quantification (17) . The sequences of primers used in the study were as follows: ANP, forward Western blot analysis. Total protein was extracted from the tissues and the protein concentration was quantified using the BCA Protein Assay kit (Pierce; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's instructions. Subsequent to separation by 10% SDS-PAGE, the proteins (20 µg/lane) were subsequently transferred to polyvinylidene fluoride membranes and blocked with 5% nonfat dry milk at room temperature. Membranes were respectively probed with primary antibodies including NF-κB p65 
Statistical analysis.
Values are expressed as the mean ± standard deviation. One-way analysis of variance was used for comparisons followed by a least-significant differences test (equal variances assumed) or Tamhane's T2 (equal variances not assumed) using SPSS version 13.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference. Fig. 1 ). In addition, treatment with hesperetin significantly lowered, the mRNA levels of biomarkers ANP and BNP compared with those in the Vehicle-MI group (Fig. 1) . These results demonstrated that hesperetin improved cardiac function in the mice post-MI.
Results
Hesperetin improves cardiac function in MI mice
Hesperetin reduces inflammatory responses in MI mice.
The inflammatory cytokines TNF-α, IL-1β and IL-6 were increased in mice after MI induced by LAD ligation. However, administration of hesperetin significantly reduced the expression levels of TNF-α, IL-1β and IL-6 in the serum as well as in the infarcted myocardium compared with those in the Vehicle-MI group (Fig. 2) . These results suggested that hesperetin exerted an anti-inflammatory effect in MI mice.
Hesperetin inhibits cardiac fibrosis in MI mice. PSR staining showed that less collagen deposition was present in the Hesperetin-MI group when compared with that in the Vehicle-MI group (Fig. 3A) . In addition, cardiac fibrosis was estimated by detecting the mRNA levels of fibrosis markers, including CTGF as well as collagen I and III. While CTGF as well as collagen I and III were increased in the Vehicle-MI group, this was significantly inhibited by administration of hesperetin (Fig. 3B-D) . These results demonstrated that hesperetin had a protective effect against cardiac fibrosis in the mice following MI.
Hesperetin prevents activation of the NF-κB signaling pathway in MI mice. In order to clarify the mechanism by which hesperetin inhibits the inflammatory response and cardiac fibrosis in MI mice, the role of the NF-κB signaling pathway in the myocardium was assessed. Western blot analysis showed that the level of NF-κB p65 phosphorylation was markedly increased in the ischemic myocardium, while NF-κB p65 phosphorylation was reduced in the Hesperetin-MI group when compared with that in the Vehicle-MI group (Fig. 4) . These results suggested that administration of hesperetin exerts anti-inflammatory and anti-fibrotic effects by suppressing NF-κB activation in MI mice.
Discussion
While mortality due to cardiovascular diseases has been showing yearly declines, the social burden of cardiovascular diseases remains heavy, with medical costs directly or indirectly caused by cardiovascular and cerebrovascular diseases of up to 500 billion dollars in 2010 (18) . MI is the main cause of heart failure and has a high prevalence and mortality and as well as a greater impact on social life and economy than other cardiovascular diseases. After the occurrence of MI, due to ischemic injury, a variety of cytokines are expressed and various signaling pathways are activated, leading to excessive proliferation of cardiac fibroblasts as well as overexpression and disordered deposition of extracellular matrix proteins, which causes inflammation, cardiac fibrosis and heart dysfunction (19) . Therefore, inhibition of inflammatory responses may reduce cardiac fibrosis and attenuate the deterioration of MI. The traditional Chinese medicine hesperetin was proven to be useful in treating various inflammatory diseases (10, 20, 21) . The findings of the present study indicated that administration of hesperetin reduces the production of pro-inflammatory cytokines, including TNF-α, IL-1β and IL-6, in infarcted myocardium and provides protection against cardiac fibrosis by suppressing NF-κB signaling pathway activation in MI mice.
Hesperetin is a major pharmaceutically active component contained in the peel of citrus fruit and its therapeutic effects are mainly due to its anti-oxidant and free radical-quenching effects; it has anti-allergic, anti-dermatitis and neuroprotective properties, adjusts the function of the cardiovascular system, enhances resistance to bacteria and microbes, protects against cancer and genetic toxicity and improves the bioavailability of other drugs (10, 20, 21) . In the cardiovascular system, hesperetin dilates blood vessels, reduces blood lipids, and lowers the permeability of capillaries and brittleness of blood vessels (11, 22) .
To the best of our knowledge, the present study was the first to show that hesperetin reduced the production of the pro-inflammatory cytokines TNF-α, IL-1β and IL-6 in the infarcted myocardium and serum, and inhibited collagen deposition and the production of the fibrosis biomarkers CTGF as well as collagen I and III in the infarcted myocardium. These results demonstrated that hesperetin significantly inhibits the cardiac inflammatory reaction and protects impaired myocardium from exposure to overexpressed inflammatory cytokines, and thus eliminates the effect of inflammatory factors on promoting cardiac fibrosis to then improve cardiac function. Previous studies have confirmed that ischemia of the myocardial tissue increases the levels of pro-inflammatory factors, thus stimulating collagen synthesis and eventually leading to myocardial fibrosis. Inflammatory cytokines and myocardial fibrosis form a complex regulatory network and the levels of inflammatory factors are closely linked to the degree of cardiac fibrosis (1, 2) . Therefore, the protective effect of hesperetin may be associated with the following mechanisms: First, hesperetin significantly inhibited NF-κB signaling pathway activation; NF-κB is a key regulator of the inflammatory response, whose activation promotes inflammation and induces the production of pro-inflammatory cytokines, including TNF-α, IL-1β and IL-6, and it has been demonstrated that pro-inflammatory cytokines exert their effects on cardiomyocytes through activating NF-κB after MI (23, 24) . Furthermore, hesperetin inhibited cardiac fibrosis induced by inflammatory factors; inflammatory cytokines not only stimulate the synthesis of extracellular matrix in cardiac fibroblasts, but also reduce the number of cardiomyocytes by causing cardiac necrosis and apoptosis after MI, resulting in cardiac fibrosis (25) .
In conclusion, the present study provided evidence for a novel cardioprotective role of hesperetin in a mouse model of MI. This protection was conferred, at least partially, by its anti-inflammatory and anti-fibrotic effects following MI. These findings may provide a basis for a novel therapeutic application of hesperetin in the prevention of cardiac remodeling and improving cardiac function following MI. 
